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INTRODUCTION 

I n  view of t h e  r ecen t  a c t i v i t y  d i r e c t e d  towards t h e  product ion  of f u e l  o i l s  as a 
s u b s t i t u t e  f o r  n a t u r a l  petroleum products,  t h e r e  has  a r i s e n  a need f o r  chemical 
c h a r a c t e r i z a t i o n  of t h e s e  materials. Chemical c h a r a c t e r i z a t i o n  of new f u e l s  i s  
important not only  i n  order  t o  provide an  understanding of their chemical and 
phys ica l  p rope r t i e s ,  but a l s o  t o  provide pre l iminary  d a t a  from which t h e i r  poten- 
t i a l  environmental impact may be judged. 

The r e s u l t s  r epor t ed  h e r e  r ep resen t  a pre l iminary  a n a l y t i c a l  survey of t h e  organic  
cons t i t uen t s  of s h a l e  o i l ,  s y n t h o i l ,  and Prudhoe Bay crude  o i l ,  as a pre lude  t o  t h e  
comprehensive a n a l y t i c a l  intercomparison which w i l l  be r epor t ed  subsequently.  The 
a n a l y t i c a l  t echniques  employed in t h i s  study are l i q u i d  chromatography (LC), Four ie r  
transform i n f r a r e d  spec t roscopy (FTIR), and gas  chromatographic-mass spectrometry 
(GC-MS). The a n a l y t i c a l  procedures used are similar t o  t h o s e  descr ibed  i n  a r e c e n t  
EPA publication( ')  "Technical Manual fo r  Analys is  of Organic Materials i n  Process 
Streams", wi th  regard  t o  Level I ana lys i s .  

EXPERIMENTAL AND RESULTS 

Liquid chromatography w a s  c a r r i e d  ou t  using 25 x 250 mm columns packed wi th  80 g of 
>ZOO mesh s i l i ca  g e l ,  which had been ac t iva t ed  a t  200 C f o r  over  24 hours.  
columns were pre-eluted w i t h  200-ml methanol, 200-ml methylene c h l o r i d e ,  and 
f i n a l l y  200-ml 60/80 petroleum e t h e r .  
and Prudhoe Bay crude  o i l  were sepa ra t e ly  d isso lved  i n  25-ml 60/80 petroleum e t h e r ,  
and any in so lub le  r e s i d u e  w a s  removed by cen t r i fug ing .  Each o i l  w a s  s epa ra t e ly  
e lu t ed  on a s i l i c a  g e l  column, us ing  t h e  following e l u t i o n  p r o f i l e :  

The 

Aproximately 2.0 g of s h a l e  o i l ,  syn tho i l ,  

Frac t ion  
1 
2 
3 
4 
5 
6 
7 

E luent  
200-ml petroleum e t h e r  
200-ml 20% methylene c h l o r i d e  i n  petroleum e the r  
200-ml 20% methylene c h l o r i d e  i n  petroleum e the r  
400-ml 20% methylene c h l o r i d e  i n  petroleum e the r  
400-ml methylene c h l o r i d e  
400-ml 10% methanol in methylene c h l o r i d e  
400-ml methanol 

Following e l u t i o n  and r educ t ion  i n  volume of each of t h e  f r a c t i o n s  by Kuderna- 
Danish evapora t ion ,  1% of each f r a c t i o n  w a s  used t o  de te rmine  t h e  weight of material 
i n  each f r a c t i o n  a f t e r  complete evaporation of t h e  so lven t  by t h i s  procedure.  Thus, 
t h e  weight of material p r e s e n t  i n  each f r a c t i o n  was ca l cu la t ed  t o  be  as follows: 

Weight of Ma te r i a l  (9) i n  Each LC Frac t ion  

Petroleum 
Ether Or ig ina l  

1 2 3 4 5 6 7  Inso lub le  Sample 
Shale  O i l  0.50 0.37 0.12 0.06 0.19 0.50 0.10 0.06 2.00 
Prudhoe Bay 0.81 0.43 0.11 0.04 0.06 0.07 0.02 0.08 2 .01  
Syn tho i l  0.13 0.46 0.21 0.04 0.15 0.18 0.06 0 .81  2.02 

a 
II 
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Previous knowledge of t h e  type  of organic  compounds which are t y p i c a l l y  observed in 
t h e  f r a c t i o n s  of t h i s  LC sepa ra t ion  scheme permi ts  t h e  fo l lowing  in t roduc to ry  obser- 
va t ions .  

(1) The hydrocarbon content  of s h a l e  o i l  i s  somewhat similar t o  Prudhoe Bay Crude, 
wi th  s l i g h t l y  lower a l i p h a t i c  con ten t .  There are s u b s t a n t i a l l y  l a r g e r  quanti-  
ties of h igh ly  po la r  materials i n  s h a l e  o i l .  

Synthoi l  con ta ins  f a r  less a l i p h a t i c  hydrocarbons than  e i t h e r  shale o i l  o r  
Prudhoe Bay crude; i t s  hydrocarbon con ten t  be ing  l a r g e l y  aromatic.  
l e s s  po lar  materials than  s h a l e  o i l ,  bu t  more than  Prudhoe Bay crude  o i l .  

(2) 
It conta ins  

FTIR ana lys i s  of a t h i n  f i lm  of material from each f r a c t i o n  w a s  subsequently 
ca r r i ed  ou t ;  t h e  r e s u l t s  are summarized below ( sha le  o i l  = SH, s y n t h o i l  = SY, and 
Prudhoe Bay crude  o i l  = PR). 

Frac t ion  1 

Frac t ions  from a l l  t h r e e  o i l s  contained s a t u r a t e d  a l i p h a t i c  hydrocarbons; s h a l e  o i l  
showed some evidence of o l e f i n s .  The degree  of branching of t h e  hydrocarbon chains 
is given by 

CH3ICH2 SH > PR > SY. 

Frac t ion  2 

Frac t ions  from a l l  t h r e e  o i l s  were l a r g e l y  s a t u r a t e d  a l i p h a t i c  hydrocarbons,  wi th  
some evidence f o r  aromatic hydrocarbons. GC-MS a n a l y s i s  subsequently showed t h a t  
t h e  aromatic compounds present  were a l k y l  benzenes and a l k y l  naphtha lenes  i n  a l l  
cases.  
as shown by t h e  CH3/CH2 r a t i o  

Again s h a l e  o i l  was shown t o  con ta in  t h e  most h igh ly  branched hydrocarbons, 

CH3/CH2 SH >> PR > SY. 

Synthoi l  con ta ins  s u b s t a n t i a l l y  more aromatic hydrocarbons than e i t h e r  s h a l e  o i l  o r  
Prudhoe Bay crude  o i l  

Aromaticity SY >> SH = PR. 

Frac t ion  3 

Shale o i l  and Prudhoe Bay crude  exh ib i t ed  cons ide rab le  s a t u r a t e d  hydrocarbon chain,  
w i th  some aromatics.  Syn tho i l  showed evidence of l a r g e  amounts of aromatic com- 
pounds. Prudhoe Bay crude  o i l  showed evidence of aldehydes o r  ke tones ,  whi le  sha le  
o i l  add i t iona l ly  showed small evidence of hydroxy compounds. The degree  of hydro- 
carbon cha in  branching and a romat i c i ty  are g iven  by 

CH~/CHZ 
Aromaticity SY >>> PR > SH. 

SH > PR >> SY 

Frac t ion  3 w a s  add i t iona l ly  sub jec t  t o  GC-MS a n a l y s i s  i n  a l l  c a s e s ,  and t h e  d i s t r i -  
bu t ion  of polynuclear aromatic hydrocarbons (PAH) i n  each o i l  w a s  e s t ab l i shed  (see 
l a t e r ) .  

Frac t ion  4 

A l l  t h ree  o i l s  showed evidence f o r  hydroxy and carbonyl  compounds, i n  a d d i t i o n  t o  
s t rong  ind ica t ions  of bo th  a l i p h a t i c  and aromatic hydrocarbons. 
Prudhoe Bay crude  both  showed cons iderably  less aromat ic  con ten t  t han  s y n t h o i l ,  
which i n  t u r n  showed f a r  less evidence of branched hydrocarbon cha ins .  Sha le  o i l  
showed s u b s t a n t i a l l y  more hydroxy and carbonyl  compounds than  t h e  o the r  o i l s .  

Sha le  o i l  and 
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CH3/CH2 PR > SH >> SY 
Aromaticity SY >>> PR > SH 
OH SH >> PR > SY 
c=o SH >> PR > SY 

Fract ion 5 

Sha le  o i l  and Prudhoe Bay crude both con ta in  cons ide rab le  s a t u r a t e d  a l i p h a t i c  
hydrocarbons and some aromatic  hydrocarbons; bo th  c o n t a i n  t r a c e s  of hydroxy com- 
pounds and l a r g e r  amounts of carbonyl  compounds. 
going, s y n t h o i l  c o n t a i n s  cons ide rab le  q u a n t i t i e s  of aromatic  hydrocarbons, and 
most probably amines and a c i d  salts. 

I n  a d d i t i o n  t o  a l l  of t h e  fore- 

Aromatics SY >>> PR > SH 
C H ~ / C H Z  
c=o SH = PR >> SY 
OH SY >> S H  > PR. 

SH = PR > SY 

Fract ion 6 

A l l  t h ree  o i l s  showed evidence f o r  s a t u r a t e d  hydrocarbons,  but  onljj s y n t h o i l  show- 
i n g  s i g n i f i c a n t  a romat i c i ty .  
o i l  but s y n t h o i l  showed a d d i t i o n a l  evidence f o r  a c i d  s a l t s  and su l fona te s .  The 
FTIR ana lys i s  of each f r a c t i o n  may b e  summarized a s  fol lows:  

Aromaticity SY >>> PR = SH 
CH3/CHz 
OH PR > SY > SH 
c=o SH >> PR >> SY. 

Phenols and carbonyl  compounds w e r e  ev iden t  i n  each 

SY >> PR > SH 

F rac t ion  7 

In add i t ion  t o  s a t u r a t e d  a l i p h a t i c  hydrocarbons i n  a l l  o i l s ,  t h e r e  was evidence for 
phenols and carbonyl  compounds i n  each f r a c t i o n .  
evidence of moderate s u l f o n a t e  con ten t ,  while  amine and amine salts were evident  i n  
s h a l e  o i l .  

Syn tho i l  a d d i t i o n a l l y  showed 

The ana lyses  may be summarized 

C H ~ / C H Z  PR > SH > SY 
OH SY > PR > SH 
c=o PR = S H  > SY. 

Summary of FTIR Analyses 

The FTIR a n a l y s i s  of each LC f c a c t i o n  of s h a l e  o i l ,  s y n t h o i l  permits  some general  
observat ions to  be  made regarding these f u e l s .  Syn tho i l  is by f a r  t he  most aromatic 
i n  cha rac t e r  and s h a l e  o i l  e x h i b i t s  t h e  g r e a t e s t  ex ten t  of branching i n  t h e  al iphat-  
i c  s i d e  chains .  Sha le  o i l  con ta ins  t h e  g r e a t e s t  p ropor t ion  of carbonyl compounds, 
w i th  s y n t h o i l  con ta in ing  t h e  l e a s t .  
l e s s e r  e x t e n t  amino compounds, i n  s i m i l a r  amounts to  each o the r .  

These gene ra l  f i n d i n g s  may be b r i e f l y  summarized a s  fol lows:  

Each of t h e  o i l s  con ta ins  phenols,  and t o  a 

Aromatic Content of F rac t ion  

2 SY >> PR 2 SH 
3 SY >>> PR > SH 
4 SY >>> PR > SH 
5 SY >>> PR > SH 
6 SY >>> PR = SH. 

F rac t ion  

II 
I 
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CH?/CH? Rat io  by F rac t ion  

F rac t ion  
1 SH > PR > SY 
2 SH >> PR > SY 
3 SH > PR >> SY 
4 PR > SH >> SY 

6 SY >> PR > SY 
7 PR > SH > SY 

OH o r  NH Content by F rac t ion  

5 SH = PR > SY 

F rac t ion  

C=O Content by F rac t ion  
F rac t ion  

3 SH = PR 
4 SH >> PR SY 
5 SH = PR >> SY 
6 SH >> PR >> SY 
7 SH = PR > SY 

Polycycl ic  Aromatic Hydrocarbon (PAH) 
Analysis by GC-MS 

Fract ion 3 i n  a l l  c a s e s  w a s  shown t o  con ta in  PAH compounds with molecular weight 
d i s t r i b u t i o n  between 150 and 400. 
number of methyl isomers using t h e  i o n  c u r r e n t  i n t e g r a t i o n  technique( ') ,  bu t  due t o  
the  u n a v a i l a b i l i t y  of s u f f i c i e n t  s tandard r e fe rence  m a t e r i a l s  t h e  i o n i z a t i o n  e f f i -  
c i enc ie s  of t h e  methyl isomers were assumed t o  be  equal  t o  t h e  pa ren t  PAH compound 
i n  every case.  
grammed from 100 t o  340 C a t  4-1 C min-l. Mass s p e c t r a  were obtained using a 
Finnigan 3200 quadrupole mass spectrometer  with a chemical i o n i z a t i o n  source.  
Data handling w a s  accomplished with a D i g i t a l  PDP8 mini-computer. 

I n  abso lu t e  terms, s y n t h o i l  was est imated t o  con ta in  at l e a s t  10 t imes more PAH 
than e i t h e r  s h a l e  o i l  o r  Prudhoe Bay crude o i l ,  by measurement of t h e  spec ie s  
reported i n  Table 1. 

Quan t i t a t ive  measurements w e r e  made on a l a r g e  

Separat ion was achieved using a 6' 1 percent  OV-101 column, pro- 

PAH Content SY > PR 2. SH 

The r e l a t i v e  d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  of methyl isomers of s e v e r a l  PAH 
compounds a r e  shown i n  Table 1. Shale  o i l  e x h i b i t s  a very d i s t i n c t i v e  p a t t e r n  
among a l l  of t h e  PAH methyl isomers observed, i n  t h a t  t h e  m a x i m u m  abundance usual ly  
occurs f o r  t h e  f i v e  o r  s i x  methyl compound. Prudhoe Bay crude o i l  is somewhat 
s i m i l a r  t o  s h a l e  o i l ,  and gene ra l ly  e x h i b i t s  a maximum abundance of t h e  methyl 
isomers a t  t h e  f o u r  methyl compound on t h e  average. Syn tho i l  on t h e  o the r  hand 
shows a much lower tendency t o  con ta in  a high proport ion of very highly methylated 
spec ie s ;  t he  average most abundant methyl PAH i n  t h i s  f u e l  being t h e  dimethyl 
compound, or  smaller. This methyl isomer d i s t r i b u t i o n  is undoubtedly use fu l  i n  
f i n g e r p r i n t i n g  d i f f e r e n t  types of o i l .  However, t h e  p o t e n t i a l  environmental  impact 
of few methyl groups o r  many is  not  c l e a r .  While i t  i s  t r u e  t h a t  t h e  a d d i t i o n  of 
one o r  two methyl groups t o  a PAH nucleus tends t o  make t h e  r e s u l t a n t  molecule more 
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hazardous from a h e a l t h  s t andpo in t ,  t h e  a d d i t i o n  of a l a r g e  number of methyl groups 
could p o t e n t i a l l y  b e  d e s i r a b l e  from t h e  s t andpo in t  of a reduced h e a l t h  r i s k  and 
poss ib ly  increased  b i o d e g r a d a b i l i t y  and photooxida t ion  in t h e  environment. (2) 
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TABLE 1. RELATIVE DISTRIBUTION OF PAH METHYL ISOMERS I N  SHALE O I L  (SH), 
SYNTHOIL (SY), AND PRUDHOE BAY CRUDE O I L  (PR) 

%! 
m a  

z $ S Y  
I d a  

2 3 

a o  

$ 2  
\ z z 

\ c i a  m o o  

$ 2  u r d d  
R U W  

PI ; d a l  
CCq 

2 

2 
B $ P R  
N U  

a 

. 
8 ,  

9 "  

5 
a 

Y 
5 
8 
A 
d o 

Methyl 
Groups 0 1 2 3 4  5 6 7 8 9 10 

SH 1.00 1.82 2.38 3.00 2.41 2.92 3.06 2.22 1.70 1.18 1.77 

1 . 0 0 1 . 1 1 2 . 2 1 2 . 0 4 1 . 7 1  1.04 0.56 0.29 0.13 0.04 0.02 

PR 1.00 1.98 1.47 0.75 0.92 0.10 0.39 0.14 0.01 0.04 0.02 

SH 1.00 3.08 4.08 5.86 5.42 9.92 13.9 12.5 11.2 11.9 -- 
SY 1.00 0.57 0.28 0.51 0.39 0.30 0.17 0.10 0.06 0.03 -- 

7.72 4.19 2.75 1.89 -- -- PR 1.00 3.89 4.86 9.06 - 

SH 1.00 1.47 2.39 7.07 8.92 9.03 9.08 7.44 7.25 6.15 5.46 

SY 1.00 3.24 2.64 2.27 2.18 1.49 1.13 0.60 0.24 0.04 -- 
_- -- 1.00 1.57 3.68 4.14 3.38 3.11 2.68 1.57 -- 

Z S H  1.00 2.46 3.35 4.41 4.54 4.57 3.50 3.30 1.98 1.76 0.70 

SY 1.00 0.95 1.24 1.20 1.15 0.71 0.37 0.17 0.03 -- -- 
_- -- PR 1.00 2.82 4.05 4.23 5.05 3.73 1.59 0.82 -- 

\ 

.fi r n Q  
z 

o c m  
f, 2 u I d o  
R h d  
g s  a 4  o 
O W P I  
CqN 

Q m 

> $ 
(0 o 

a d  

E 
$2 

4 ;  
0 cF: .rl 
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SB 1.00 1.77 2.96 3.54 7.27 5.73 6.35 5.27 4.58 3.46 2.58 

SY 1.00 2.25 2.86 3.30 5.50 4.29 2.64 0.86 0.23 -- -- 
_- -- C P R  1.00 3.93 8.61 7.54 20.1 17.83 11.66 5.66 -- 

SH 1.00 1.50 2.21 -- 2.10 -- 2.11 -- 2.13 2.04 1.79 

F S Y  1.00 0.90 0.53 0.62 0.72 0.34 -- -- -- -- -- 
_- -- -- __ PR 1.00 3.78 2.33 -- 1.73 1.16 -- 
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TABLE 1. (Continued) 

\ 
a 
2 

2 
M a l  
C G  

r d d  
NFw 

SH 1.00 4.60 -- 6.44 6.67 6.69 -- 6.60 -- 6.16 5.04 

-- -- -- aSY 1.00 2.51 3.89 3.46 2.77 1.06 0.49 -: 

S P R  1.00 1.42 2.36 5.69 3.61 2.35 0.47 -- -- -_ -- 

f (  c1 
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m 
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